The nervous system comprises a remarkably diverse and complex network of different cell types, which must communicate with one another with speed, reliability, and precision. Thus, the developmental patterning and maintenance of these cell populations and their connections with one another pose a rather formidable task. Emerging data implicate microglia, the resident myeloid-derived cells of the central nervous system (CNS), in the spatial patterning and synaptic wiring throughout the healthy, developing, and adult CNS. Importantly, new tools to specifically manipulate microglia function have revealed that these cellular functions translate, on a systems level, to effects on overall behavior. In this review, we give a historical perspective of work to identify microglia function in the healthy CNS and highlight exciting new work in the field that has identified roles for these cells in CNS development, maintenance, and plasticity.
M icroglia are one of the most enigmatic and understudied populations in the brain. Until recently, most of what was known about their function has been associated with their rapid and robust responses to disease and injury (Ransohoff and Perry 2009; Graeber 2010; Ransohoff and Cardona 2010) . The idea that microglia could be performing normal, homeostatic functions is a relatively new concept, galvanized by pioneering in vivo imaging studies, which revealed that the processes of "resting" microglia are highly motile in the intact, healthy adult brain (Davalos et al. 2005; Nimmerjahn et al. 2005) . Remarkably, it is estimated that these microglial processes survey the entire brain parenchyma within a matter of hours, raising many questions about the significance of this immune surveillance system.
Since these initial findings, there has been a surge in the field to examine functional roles of microglia in the healthy central nervous system (CNS), with a primary focus on postnatal development. This focus was, to a large extent, incited by a landmark fate-mapping study in the mouse showing that microglia develop from primitive myeloid progenitors in the embryonic yolk sac and begin to colonize the brain during early embryonic development (approximately embryonic day 9.5 [ E9.5] in the mouse) (Ginhoux et al. 2010) . Given this early colonization, microglia are poised to play important roles in shaping the developing CNS and contributing to overall nervous system function. Indeed, recent work has shown that microglia in the developing CNS can physically interact with neuronal soma and synapses in response to changes in neural activity, and data implicate microglia in many functions required to build and wire the developing CNS ranging from neurogenesis to synaptic pruning (Tremblay 2011; Tremblay et al. 2011; Kettenmann et al. 2013; Wake et al. 2013; Salter and Beggs 2014) . Furthermore, emerging work in the juvenile and adult reveal that these interactions and functions observed in the postnatal brain occur more broadly to affect plasticity over the life span of the animal, ultimately affecting behavior.
In this chapter, we review the latest findings in the field on microglia function in CNS development and plasticity. Our goal is to give a comprehensive and critical perspective of this relatively new area of research and highlight new questions. Furthermore, we discuss novel strategies to manipulate microglia function that will contribute to our understanding of these cells in the healthy nervous system and, ultimately, help to identify mechanisms of disease.
SPATIAL PATTERNING IN THE DEVELOPING AND MATURE CNS
In the context of CNS disease and injury, microglia are appreciated as "professional" phagocytes, known for their rapid and efficient ability to clear dead or dying cells and cellular debris (Wyss-Coray and Mucke 2002; Napoli and Neumann 2009; Ransohoff and Perry 2009; Ransohoff and Cardona 2010; Kettenmann et al. 2011; Sierra et al. 2013) . Furthermore, microglia produce many factors that are known to actively trigger neuronal apoptosis, including tumor necrosis factor a (TNF-a), reactive oxygen species, glutamate, etc. (Bessis et al. 2007 ). Thus, microglia not only play a role in dead cell clearance, but they may also play a more active role in initiating cell death or driving the cell death program in cells that are already rendered vulnerable/damaged. Consistent with this idea, recent work has shown in a range of disease states (glioma, brain ischemia, Alzheimer's disease, etc.) that microglia have the capacity to phagocytose live cells, including viable but stressed neurons, via a number of different microglial phagocytic signaling pathways (e.g., TREM2, MERTK, and MFG-E8) (Fig. 1C, top) (Brown and Neher 2014) . Concomitant to this cytotoxic potential, microglia produce trophic, mitogenic, and antiinflammatory factors (Bessis et al. 2007; Pollard 2009 ). As a result, microglia are poised to play many diverse roles in patterning and maintaining the intricate and diverse cell populations that comprise the CNS. The following section reviews studies demonstrating a role for microglia in regulating CNS cell numbers during development and in adulthood.
Regulation of Cell Death
Essential to the development and spatial patterning of all organ systems is programmed cell death (PCD), a process by which many cells undergo apoptosis to achieve the cellular architecture characteristic of the mature system (Vaux and Korsmeyer 1999) . When this process is absent or dysfunctional, a broad spectrum of developmental abnormalities and diseases can occur (Meier et al. 2000) . Given its diverse and complex cell populations, the nervous system is particularly reliant on PCD and, thus, a model system for studying the process (Oppenheim 1991; Yeo and Gautier 2004; Rogulja-Ortmann et al. 2007 ). Indeed, during vertebrate development, 50% of neurons born must undergo PCD and the corpses must be cleared, a massive and necessary task to maintain CNS homeostasis. In addition, the importance of this process is further emphasized given that it is highly conserved across vertebrates and invertebrate species (Sulston and Horvitz 1977; Abrams et al. 1993; Bangs and White 2000) .
The best-characterized role for microglia in PCD is their large capacity to phagocytose dead cell corpses during development (Fig. 1, top) . One of the first descriptions of microglia carrying out this phenomenon was in the postnatal rat cerebral cortex, where, during the first week of rat postnatal development, a large amount of neuronal cell death occurs, particularly in the subplate and layers II/III (Ferrer et al. 1990) . During this time, globular, vacuolated phago-cytes, which are now assumed to be resident microglial cells, were found in increased numbers and had engulfed dead cells throughout the cortical and subplate regions. Since these original observations, microglia have been shown to phagocytose dead cells throughout the healthy, developing CNS (Bessis et al. 2007; Sierra et al. 2013) . However, the mechanisms underlying these phagocytic events have remained unclear. Recent work in other model organisms may offer insight. For example, in Drosophila, glial cells, albeit not microglia, engulf dead cell corpses and axons through a Draper/dCED-6-dependent signaling pathway, a pathway previously found in Caenorhabditis elegans (Zhou et al. 2001 ). In addition, microglia engulf apoptotic neurons in developing zebrafish via another pathway, the v0-ATPase a1 subunit (Logan and Freeman 2007; Peri and NussleinVolhard 2008; Kurant 2011; . It remains to be determined whether the same or similar mechanisms are involved in PCD in the mammalian CNS. Furthermore, although studies show that microglia play an important role in the removal of large amounts of cellular debris produced by PCD, in itself a daunting task, it was unclear whether microglia were playing a role in the initiation of apoptotic events. Recent work suggests a more active role by which microglia initiate or, perhaps, propagate the cell death program before phagocytosis (Fig. 1A,C, top) .
The concept of phagocytes initiating cell death before phagocytosis was first conceived ) and membrane-bound (e.g., CD11b and DAP12) factors followed by phagocytosis. (b) Alternatively, apoptosis of neurons or neural precursor cells (NPCs) is induced by unknown mechanisms followed by microglia-mediated phagocytosis of debris. (c) "Phagoptosis" has been described in injury/disease paradigms known to induce inflammation (Brown and Neher 2014) in which microglia actively engulf live cells. Evidence suggests that something similar may be happening in the healthy developing and adult central nervous system (CNS). (B) Microglia can also promote survival of NPCs in the developing CNS. One mechanism identified was insulin-like growth factor (IGF)-1, a soluble factor made and released by microglia, which is believed to bind IGF-1R receptors expressed by a subset of NPCs. It is speculated that those NPCs expressing the receptor survive (a), whereas those that do not express the receptor undergo apoptosis (b).
Microglia in Development and Plasticity
Cite this article as Cold Spring Harb Perspect Biol 2015;7:a020545 in the late 1800s by Elie Metchnikoff, who first described phagocytosis, and early work showed that peripheral tissue macrophages could perform such a function in developmental tissue remodeling (Aliprantis et al. 1996) . For example, a study in the developing rodent retina showed that, following genetic depletion of eye and peritoneal macrophage subtypes, there was a persistence of ocular tissues that are normally developmentally transient, the hyaloid vasculature and pupillary membrane (Lang and Bishop 1993) . Since this time, microglia, the resident CNS myeloid-derived cells, have been shown to perform similar roles. The first evidence was in the chick retina, where optic cups grown in the absence of microglia resulted in a nearly threefold reduction in retinal cell death as compared with optic cups grown in the presence of microglia (Frade and Barde 1998) . Furthermore, when purified microglia were added back to the optic cup cultures, retinal cell death was increased. The molecular mechanism underlying this effect was identified as microglial-derived nerve growth factor (NGF). NGF expression was largely restricted to microglia during this developmental window, and retinal PCD was blocked with NGF antibodies. It was proposed that microglial-derived NGF initiates cell death when it binds the neurotrophin receptor p75 ( p75 NTR ), which is expressed by nearly all cells in the chick retina. Using a similar in vitro approach, microglia were also shown to initiate the PCD of Purkinje neurons in the developing mouse cerebellum and motoneurons in the developing rat spinal cord (Marin-Teva et al. 2004; Sedel et al. 2004) . Using cerebellar slices, ablation of microglia using clorodronate-filled liposomes resulted in a reduction in Purkinje neuron PCD (Marin-Teva et al. 2004 ). This cytotoxic effect was mediated by microglial respiratory bursts, which produce superoxide ions (O 2 2 ). However, the investigators also observed in vivo that .60% of Purkinje neurons that were contacted by microglial processes, but not yet phagocytosed, were already expressing molecules associated with damage/PCD (i.e., activated caspase-3). These data suggest a role for microglia in driving the cell death program in neurons that are already rendered vulnerable, a concept that has been suggested in other model organisms (C. elegans and Drosophila) where dying, but not yet dead, cells are engulfed by neighboring cells, including glia (Logan and Freeman 2007; Kinet and Shaham 2014) . Similarly, using cultured spinal cord explants from developing rat embryos, microglial ablation, or blocking of microglial-derived TNF-a signaling resulted in a decrease in motoneuron PCD (Sedel et al. 2004) . However, microglial TNF-a expression within the spinal cord was transient and downregulated before the cell death, data suggesting that microglial-derived TNF-a may not directly induce cell death but rather render motoneurons more competent to die via other, yet-to-be-identified, neurotrophic factor-mediated mechanisms.
Although intriguing and consistent with macrophage studies, these initial studies suggesting that a more active role for microglia in PCD were all in vitro or ex vivo, which, in themselves, induce injury during preparation. To better address this question under more physiological conditions, more recent studies have taken advantage of strategies to genetically and/or pharmacologically manipulate microglia in vivo. One study assessed PCD in the neonatal hippocampus, where microglia were found to associate with neurons undergoing apoptosis . To determine an underlying mechanism, the investigators assessed mice deficient in CD11b (CD11b 2/2 ), a surface receptor integrin, and mice with loss of function in DAP12 (DAP12 KI ), a transmembrane signal transduction adaptor molecule. These two molecules are expressed by peripheral immune cells, including macrophages, where they carry out effector functions such as cell adhesion and phagocytosis (Mocsai et al. 2006) . Importantly, in the context of normal development, these receptors are almost exclusively expressed by microglia in the CNS. In CD11b 2/2 and DAP12 KI mice, there was a significant, although not complete, reduction in neuronal apoptosis. In addition, the investigators provided evidence that CD11b and DAP12 regulate the production of O 2 2 by microglia, data consistent with earlier in vitro work in the cerebellum (Marin-Teva et al. 2004 , and neurons in the cerebellum appeared to already express markers of cell death in the cerebellum before engulfment (Marin-Teva et al. 2004 ). Thus, although microglia may play a role in the initiation of cell death in a subset of neurons, they may also be involved in facilitating the progression of cell death in another subset that are already rendered vulnerable by other mechanisms. The latter is particularly intriguing given that, in an otherwise healthy milieu, the precise timing of PCD is critical. Microglia may offer a mechanism by which this cell death timing is regulated. In addition, these data also suggest that other molecular and/or cellular mechanisms (e.g., astrocyte-mediated phagocytosis) must also be involved, which are critical areas of investigation going forward.
To address whether microglia play a more global role in regulating neuronal cell numbers during brain development, a more recent study assessed microglial interactions with neurons during neurogenesis in the developing cerebral cortex of prenatal and postnatal macaques and rats (Cunningham et al. 2013) . In both species, microglia-colonized cortical proliferative zones and phagocytosed neural precursor cells (NPCs) as neurogenesis was nearing completion. In addition to showing correlative immunolocalization, the investigators used in vitro and in vivo pharmacological strategies in mice to manipulate microglia. Specifically, microglia were either inactivated (e.g., reductions in inflammatory molecule production, phagocytic capacity, etc.) using broad-spectrum tetracyclines (minocycline or doxycycline), or eliminated by injection of liposomal clodronate into the lateral ventricles in utero. Conversely, the investigators pharmacologically "activated" microglia (e.g., increases in inflammatory molecule production, phagocytic capacity, etc.) in utero using a model of maternal immune activation in which pregnant dams are injected with bacterial lipopolysaccharide (LPS). When microglia were pharmacologically "inactivated" or eliminated in utero, there was an increase in NPCs later in development (embryonic day 19 [E19] and postnatal day 2 [P2]). Furthermore, "activating" microglia with LPS resulted in a decrease in NPC number at E19 and P2, although the effects were substantially less compared with "inactivation" experiments. These data suggest that microglia may actively regulate NPC numbers in the developing brain by inducing apoptosis of NPCs followed by phagocytosis (Fig. 1A, top) . The possibility still exists that this could be a neurogenic effect, which is consistent with another recent study in which doxycycline in adult mice induced an increase in hippocampal neurogenesis (discussed below) . Another important aspect to consider is that the pharmacological agents used are relatively nonspecific to microglia and affect several other cell types outside and inside the CNS (Smilack 1999; Hagberg and Mallard 2005; Bilbo et al. 2006; Buller et al. 2009; Meyer et al. 2009 ). Thus, molecular mechanisms must be identified and targeted using approaches to specifically manipulate microglia versus other cell types.
In addition to development, microglia have now been implicated in PCD that occurs throughout the life of an organism. This work has centered around the hippocampus, where neurogenesis occurs in the subgranular zone of the dentate gyrus during adulthood. Although a small subset of these newly born neurons incorporate into the circuitry, the remaining cells are believed to die (Song et al. 2012) . Using a combination of immunohistochemistry, transgenic green fluorescent protein (GFP) -expressing mice, and bromodeoxyuridine labeling, it was shown that most newly born neurons in the subgranular zone of 1-mo-old mice die within the first 4 d of birth (56% of newborn cells; 400 cells/h) and phenotypically "resting" microglia appear to efficiently phagocytose these apoptotic cell bodies (.90% of apoptotic cells in the subgranular zone) within this 4-d period (Sierra et al. 2010) . Furthermore, microglia were shown to regulate their phagocytic capacity that mirrored changes in neurogenesis and cell death induced by age (decrease) or LPS-mediated inflammation (increase). Although this study demonstrated a role for microglia in the elimination of apoptotic NPCs, another study has shown that NPCs, themselves, can phagocytose dying cells during adult hippocampal neurogenesis (Lu et al. 2011) . Thus, it appears that microglia and NPCs may be working together to eliminate apoptotic NPCs. In addition, unlike the developing CNS, it remains unclear whether microglia and/or neighboring NPCs are involved in inducing apoptosis in these newly born neurons in the adult hippocampus. Evidence that apoptotic neurons exist in the absence of microglial or NPC contact suggest that this may be a neuron-autonomous event followed by phagocytosis (Fig. 1B, top) . However, there is some evidence in the adult mouse dentate gyrus that microglia appear to infiltrate small cytoplasmic openings of granule cells before cell death and that these microglial processes closely appose the nuclei of granule cells, data suggesting a more active role in initiating or contributing to progression of the death program (Ribak et al. 2009 ).
Regulation of Cell Survival, Proliferation, and Differentiation
Microglia have also been implicated in spatial patterning of the developing and adult CNS by promoting cell survival, proliferation, and/or differentiation (Fig. 1, bottom) . Some of the first lines of evidence for this were in vitro studies in which microglia-conditioned media was added to neuronal cultures, resulting in enhanced progenitor cell proliferation and enhanced neuron survival and/or maturation (Nagata et al. 1993; Chamak et al. 1994; Morgan et al. 2004) . However, other recent work has shown that culturing NPCs isolated from cortices that lack microglia (PU.1 2/2 ) had no effect on neuron survival or neurogenesis but rather resulted in decreases in neural progenitor cell proliferation and astrogenesis, effects that were rescued by adding wild-type (WT) microglia back to the cultures (Antony et al. 2011) . Conversely, another study cultured NPCs from adult hippocampus and observed a reduction in progenitor cell proliferation in the presence of microglia ). In the same study, the investigators used models of enhanced (exercise) or impaired (aging) hippocampal neurogenesis to show an inverse correlation between the number of microglia and the number of progenitor cells in fixed tissue. There are several explanations for these disparate results. The most plausible explanations are differences in culture conditions, ages of mice used for the study, and/or regionspecific effects. Furthermore, although it is clear from all of these studies that microglia have the capacity to regulate progenitor cell numbers, in vivo strategies and careful developmental analyses are necessary.
A more recent study has addressed whether microglia can promote neuron cell survival in vivo in the developing mouse cortex (Fig. 1 , bottom) (Ueno et al. 2013) . The investigators showed that, between P3 and P5, "inactivating" microglia with minocycline or ablating microglia by injecting diphtheria toxin into mice expressing the diphtheria toxin receptor under the control of the CD11b promoter resulted in an increase in the number of apoptotic neurons specifically in layer Vof the cerebral cortex. Furthermore, microglia still appeared to engulf apoptotic debris after minocycline treatment, suggesting that microglial phagocytic capacity is not inhibited. In contrast, the data suggest that microglia provide trophic support for neurons in the early postnatal CNS. Consistent with this idea, the investigators show that mice deficient in the fractalkine receptor (CX3CR1), which is expressed almost exclusively by microglia in the context of the postnatal CNS, have a similar reduction in layer V neurons. Furthermore, CX3CR1 knockout mice had a reduction in free insulin-like growth factor 1 (IGF-1) and an increase in IGF-1-binding proteins, data suggesting that IGF-1 may be a factor downstream from CX3CR1 that promotes neuron survival. When in vitro and in vivo approaches were used to block IGF signaling ( pharmacology and small interfering RNA), there was a significant increase in cortical neuron cell death. However, none of the strategies used by these investigators were completely specific to microglia, as other cell types, particularly outside the CNS, express CX3CR1 and IGF-1. Future work using Cre-lox technology to gain better cell specificity is necessary.
Taken together, the data demonstrate a role for microglia in spatial patterning of nervous system tissue by clearing apoptotic cells (neurons and neural progenitors). In addition, experiments also suggest a role for microglia in either initiating the cell death program or progressing cell death in a neuron previously rendered vulnerable. At the same time, there is also new evidence that microglia can also promote neuron and NPC survival and/or proliferation. Given that these seemingly disparate functions ( pro-cell death and pro-survival/proliferation) occur during very similar time frames, it remains unclear how microglia carry out these functions simultaneously and raises the intriguing possibility that microglia are a heterogeneous cell population with several different subtypes of cells performing vastly different functions. In addition, although work using ablation techniques to get rid of microglia during specific developmental time points has shown some modest effects on cell numbers, ablation of microglia in the adult brain has shown no significant effect (Parkhurst et al. 2013; Elmore et al. 2014) . Several different explanations could account for this, such as the importance of context/timing; the developing CNS may be particularly sensitive to these manipulations. In addition, there may be overlapping functions with astrocytes, which can also phagocytose. In fact, it has been shown that these cells can perform a similar role as microglia in the context of synaptic pruning (Chung et al. 2013) . Future work using more specific in vivo strategies to manipulate microglia is necessary. Pharmacological strategies (LPS, minocycline, and doxycycline) are nonspecific, with effects on many cell types. Furthermore, although data are promising in mice deficient in CD11b, DAP12, CX3CR1, and IGF-1 signaling, other cell types also express these molecules and are, thus, affected by genetic targeting. Recently, Cx3cr1 creER mice, in which creER is expressed under the control of the fractalkine receptor (CX3CR1), are an exciting new tool that will enable the analysis of microgliaspecific effects (Goldmann et al. 2013; Parkhurst et al. 2013; Yona et al. 2013 ).
SYNAPTIC WIRING IN THE CNS
Similar to the excess of neurons born early in development, an excess of synaptic contacts are formed initially, many of which are later pruned away by phagocytic microglia during synapse elimination, a process critical for precise synaptic connectivity (Fig. 2) (Purves and Lichtman 1980; Lichtman and Colman 2000; Kano and Hashimoto 2009 ). In addition, new research suggests that microglia can also influence brain wiring by regulating the number, maturation, and plasticity of synapses in development and throughout the life span. The following section reviews these findings.
Activity-Dependent Interactions with Synapses
One of the first clues that suggested a role for microglia in synaptic pruning was the observation that process-bearing, phagocytic microglia were enriched in brain regions undergoing active synaptic remodeling, including cerebellum, hippocampus, and the visual system (Perry et al. 1985; Milligan et al. 1991; Dalmau et al. 1998; Maslinska et al. 1998; Wierzba-Bobrowicz et al. 1998; Schafer et al. 2012; ). However, it remained unclear if these cells were performing functions at developing synapses. Indeed, recent in vivo live imaging studies in the adult and juvenile mouse cortex show that microglia processes dynamically interact with developing synapses and can detect local changes in neuronal activity (Tremblay et al. 2010; Wake et al. 2013 ). For example, in layers II/III of the adult somatosensory and visual cortex, microglial processes briefly contacted synaptic elements at a rate of 1 synapse/h (Wake et al. 2013 ). Interestingly, this study also showed that microglia -synapse contact was reduced when neuronal activity was blocked by tetrodotoxin (TTX), enucleation of an eye, or lowering the temperature. However, it remains to be determined whether these activity-dependent interactions influenced synaptic remodeling.
To examine activity-dependent microgliasynapse interactions under more physiological conditions, Tremblay and colleagues combined high-resolution three-dimensional serial electron microscopy (EM) with two-photon live imaging during the critical period in the juvenile mouse primary visual cortex (V1) (Tremblay et al. 2010 ), a region and time period where heightened structural and functional plasticity is known to occur (Majewska and Sur 2003; Bence and Levelt 2005; Hooks and Chen 2007) . During the critical period within V1, microglia appeared to contact synaptic elements ( 1 synaptic element per 40 min), and spines, in particular, appeared to change size upon microglia contact. Interestingly, many of the spines contacted by microglia tended to be smaller and were often no longer present at later imaging sessions, data suggesting microglia may be playing a role in the elimination of these spines. To address how activity may be involved, the investigators also visualized microglia -synapse interactions following a dark adaptation paradigm known to elicit robust synaptic remodeling (Mower et al. 1983; Philpot et al. 2001; Viegi et al. 2002; Tropea et al. 2010) . Using this paradigm, in dark-adapted mice or dark-adapted mice re-exposed to light, live imaging revealed that microglia changed their motility and interactions with spines as compared with lightreared control animals. Furthermore, EM analysis revealed that microglia appeared to more frequently contact synaptic elements and had more phagocytic inclusions as compared with light-reared control animals. These phagocytic inclusions were speculated to be synaptic elements, suggesting a role for microglia in experi- The role of microglia in developmental, activity-dependent synaptic remodeling. (A) A model in which microglia selectively engulf a subset of less active, intact synapses. Data suggest that a signal (e.g., fractalkine) recruits microglia to remodeling synapses. Those synapses that are less active (light gray) are molecularly "tagged" with "eat-me" signals (e.g., complement). Microglia, expressing receptors for "eat-me" signals (e.g., CR3), actively select and phagocytose intact synaptic components. (B) A model whereby neurons autonomously begin to prune (retract and/or fragment) before engulfment by microglia. Data suggest that a recruitment signal (e.g., fractalkine) recruits microglia to remodeling synapses. Those synapses that are less active (light gray) begin to autonomously retract and/or fragment. These pruning synapses are subsequently "tagged" with "eat-me" signals (e.g., complement), followed by engulfment by microglia, which express receptors for "eat-me" signals (e.g., CR3).
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ence-dependent synaptic remodeling in the mature brain. It remains to be determined if these highly dynamic and activity-dependent interactions have functional significance during brain wiring.
To test the hypothesis that microglia phagocytose excess or exuberant synaptic connections during postnatal development, Schafer et al. took advantage of the mouse retinogeniculate system, a visual pathway and classic model system in which to study activity-dependent synapse elimination (Schafer et al. 2012) . In this system postsynaptic thalamic relay neurons within the dorsal lateral geniculate nucleus (dLGN) are initially innervated by multiple weak retinal ganglion cell inputs originating from the retina. A subset of these presynaptic inputs are later eliminated, while the remaining inputs are maintained and strengthened (Chen and Regehr 2000; Hooks and Chen 2006; Huberman 2007; Huberman et al. 2008) . Using this system, the investigators observed microglial processes closely apposed to presynaptic inputs undergoing remodeling within the dLGN, data consistent with previous live imaging and EM data (Tremblay et al. 2010 ). Subsequently, a novel in vivo assay was developed in mice to determine if microglia were engulfing inputs (Schafer et al. 2012 (Schafer et al. , 2014 . In this engulfment assay, presynaptic inputs within the dLGN are fluorescently labeled by intraocular injection of anterograde dyes that are highly stable and resistant to lysosomal degradation (i.e., cholera toxin b subunit conjugated to Alexa dyes). Furthermore, this assay allows one to distinguish inputs from the left versus right eye by injecting dye tracers with different excitation and emission spectra (e.g., cholera toxin b subunit conjugated to Alexa 594 and Alexa 647, respectively). During the height of presynaptic input remodeling (P5 in the mouse), microglia contained presynaptic inputs within their processes and within lysosomal compartments. Furthermore, EM analysis revealed engulfed retinal ganglion cell axonal terminals throughout the dLGN. Do microglia engulf specific synapses or do they act as the cleanup crew that remove synaptic debris (Fig. 2) ? Synaptic pruning is believed to result from competition between neighboring axons for postsynaptic territory based on differences in patterns or levels of activity, such that weaker or less active synapses lose territory while stronger or more active synaptic inputs are elaborated and strengthened (Katz and Shatz 1996; Sanes and Lichtman 1999; Hua and Smith 2004) . Recent data in the retinogeniculate system support the hypothesis that microglia preferentially engulf less active synapses during activity-dependent synaptic competition. For example, manipulation of retinal activity with TTX to block activity or forskolin, a cAMP analog that increases retinal activity, revealed that microglia preferentially engulf presynaptic inputs in the dLGN from the less active eye (Schafer et al. 2012) . Together these data reveal that microglia, indeed, engulf synapses during developmental synaptic pruning in an activitydependent manner. These data now raise questions about the underlying mechanisms. How do microglia know which synapses to target? How do certain synapses become destined for elimination over others? Are synapses, indeed, intact at the time of engulfment (Fig. 2) ?
Functional Consequences of MicrogliaSynapse Interactions: Synaptic Pruning One molecular pathway that has been proposed to mediate microglia -synapse interactions and synaptic pruning is the classical complement cascade (Stevens et al. 2007; Schafer and Stevens 2010; Alexander et al. 2012) . Classical complement cascade proteins C1q and C3 are localized to synaptic compartments and mediate synaptic pruning in the developing retinogeniculate system (Stevens et al. 2007 ). In the innate immune system, C1q and/or C3 bind cellular material, inducing its removal by several mechanisms, including phagocytic pathways (Lambris and Tsokos 1986; Gasque 2004; van Lookeren Campagne et al. 2007 ) Together, these findings raised the hypothesis that complement C1q and C3 target synapses for elimination by microglia, which, in the context of the healthy postnatal brain, are the only cells to express the high-affinity receptor for C3, complement receptor 3 (CR3; Cd11b) (Schafer et al. 2012) . Consistent with this hypothesis, C3 protein is highly ex-pressed and localized to synapses in the postnatal dLGN, and CR3 is expressed by microglia at particularly high levels during the peak of microglia-mediated synaptic engulfment (P5). C3 and CR3 knockout mice have reduced engulfment of presynaptic retinal inputs and a sustained deficit in eye-specific segregation that phenocopied C1q and C3 knockout mice (Schafer et al. 2012) , implicating phagocytic microglia as a key downstream cellular mediator of complement-dependent synapse elimination. Importantly, genetic disruption of CR3/C3 signaling resulted in sustained deficits in synapse number and synaptic connectivity. These findings show that microglia-synapse interactions, indeed, have functional consequences on synaptic pruning that are sustained. Furthermore, the data provide some insight into how synapses might be molecularly targeted for elimination by microglia (Fig. 2) . However, it is not yet known if complement proteins are localized to specific (i.e., less active/weaker) synapses and whether changes in neuronal activity impact this process. Finally, the identities of specific receptors for complement at the synapse remain elusive. A recent in vitro study suggests that terminal sugar residues in the extracellular matrix of glycoproteins surrounding neurons mediate C1q binding to neurites (Linnartz et al. 2012) . In future work, it will be interesting to test whether sialic acid residues in axons play a similar role in vivo and whether the complement cascade mediates synapse elimination in the developing hippocampus and other brain regions.
In addition to complement, recent data have also implicated microglia in synaptic remodeling in the hippocampus via a CX3CR1-dependent mechanism (Tremblay et al. 2010; Paolicelli et al. 2011 ). Paolicelli and colleagues showed that mice deficient in CX3CR1 (CX3CR1 knockouts) exhibited a transient increase in spine density in postnatal weeks 2 and 3 in the hippocampus, and, similar to the case in the developing visual system, high-resolution imaging and EM revealed a concomitant increase in postsynaptic density protein 95 (PSD95)-positive immunoreactivity within microglia (Paolicelli et al. 2011) . Interestingly, there were significantly fewer microglia detected in the postnatal hippocampus of CX3CR1 knockout mice, and these abnormalities in microglia number and synapse density returned to normal levels by adulthood. These data suggest that fractalkine signaling regulates microglia number and/or recruitment to synaptic sites in the early postnatal brain (Fig. 2) . Another study showed different defects in synaptic function in the mature hippocampus of CX3CR1 knockout mice, raising the possibility that fractalkine signaling may play different roles depending on the context (Rogers et al. 2011) . In this case, long-term potentiation induction was reduced in organotypic hippocampal slices prepared from adult CX3CR1 knockout mice as compared with WT littermates (Rogers et al. 2011) . Importantly, these deficits were coincident with impairments in learning and memory as assessed by Morris water maze and contextual and cued fear conditioning.
It is not yet known whether microglia engulf synapses as part of an activity-dependent developmental pruning process in the hippocampus, as was demonstrated in the visual system. Furthermore, it remains unclear whether fractalkine and complement systems are working cooperatively to contribute to synaptic pruning. There is also an open question as to whether these are, indeed, microglia-specific effects, as many immune cells, albeit localized to the periphery and not the healthy CNS, express these receptors. Along these same lines, it has also recently been shown that, similar to microglia, astrocytes in the retinogeniculate system can also contribute to synaptic pruning by phagocytosing developing synapses in an activity-dependent manner (Chung et al. 2013) . These data suggest that these two phagocytic cell populations could be working cooperatively to achieve proper brain wiring. Experiments designed to address these questions will be important areas of future investigation (Ransohoff and Stevens 2011) . remain. Electrophysiological studies performed in CX3CR1 knockout mice suggest that microglia also regulate synapse maturation and long-range synaptic connectivity. In the healthy, developing hippocampus, Paolicelli et al. (2011) showed that the spontaneous excitatory postsynaptic current (EPSC)/miniature EPSC (sEPSC/ mEPSC) amplitude ratio, which normally increases during development, was diminished in the postnatal knockouts. Consistent with these data, postnatal CX3CR1 knockout mice also exhibited a transient increase in spine density and enhanced hippocampal long-term depression. In addition, susceptibility to druginduced seizures was reduced, consistent with the pattern normally observed in younger WT mice. Importantly, most of the effects observed in CX3CR1 knockout mice were transient, suggesting a developmental delay in hippocampal synaptic connectivity in knockout mice. In a recent study by the same group, the functional maturation and connectivity of synaptic networks was further investigated in CX3CR1 knockout mice (Zhan et al. 2014) . Despite microglia and spine numbers in the hippocampus returning to control levels in young adult mice, the sEPSC/mEPSC ratio remained low in CX3CR1 knockout mice as compared with WT controls. EM revealed that this may be because of a failure of CA3 axons in knockout mice to form multisynapse boutons (i.e., axons forming synapses on more than one dendritic spine) in CA1. Consistent with abnormal connectivity, there was also a reduction in functional connectivity between the hippocampus and prefrontal cortex in CX3CR1 knockout mice, as assayed by the coherence of local field potentials and functional magnetic resonance imaging. Although it remains to be tested directly, it is speculated that abnormal synaptic pruning may underlie functional connectivity deficits in CX3CR1 knockout mice. Taken together, these findings suggest that transient developmental defects in microglia numbers and function can have sustained and broad consequences on synaptic maturation and connectivity.
Consistent with microglia playing a role in synapse maturation in the hippocampus, previous studies showed that maturation of hippocampal synapses was altered in mice harboring a mutation in KARAP/DAP12, a transmembrane immune receptor expressed by developing microglia from birth (Tomasello et al. 1998 (Tomasello et al. , 2000 Roumier et al. 2004 Roumier et al. , 2008 Hamerman et al. 2005; Turnbull et al. 2005) . Hippocampal slices from mice deficient in KARAP/DAP12 function displayed a subunit composition of N-methyl-D-aspartate (NMDA) receptors and calcium permeability status of AMPA receptors that are both characteristic of immature synapses and appear to have enhanced long-term potentiation (Roumier et al. 2004) . Microglia express an array of ion channels and receptors that can be stimulated by neurotransmitters and activity-dependent signals, such as ATP and glutamate. Thus, in addition to responding to neuronal activity, microglia also have the potential to modulate basal glutamatergic and GABAergic synaptic transmission in the healthy CNS (Tsuda et al. 2003; Coull et al. 2005; Pascual et al. 2011) . Altogether, these studies suggest that microglia play a crucial role in regulating synapse maturation, plasticity, and function in the healthy brain.
ROLES IN MODULATING BEHAVIOR
Given the exciting new data that microglia play important functions in regulating cell numbers and synapse density in the developing and mature CNS, it is conceivable that these functions translate to regulation of overall behavior. In the following section, we review emerging work that suggests that microglia contribute to behavioral abnormalities associated with neuropsychiatric disorders. Consistent with this idea, we also discuss recent findings that microglia contribute to behavior under healthy, steady-state conditions.
Behavioral Effects Associated with Neuropsychiatric Disorders
Some of the most compelling data suggesting a role for microglia in regulating behavior has arisen from analysis of neuropsychiatric disorders such as autism spectrum disorder, obsessive-compulsive disorder, and schizophrenia. For example, there are observations that abnor-mal microglial cell activation exists along with deficits in synaptic connectivity in patients with these disorders (Arnold 1999; Belmonte et al. 2004; Vargas et al. 2005; Woo and Crowell 2005; Monji et al. 2009; Morgan et al. 2010; Melom and Littleton 2011; Waites and Garner 2011) . At the same time, there are now several animal models of these neuropsychiatric disorders in which there appear to be roles for microglia in onset and/or progression of behavioral phenotypes Derecki et al. 2012a; Blank and Prinz 2013) . For example, in mouse models of autism spectrum disorder (Mecp2 null) and obsessive-compulsive disorder (Hoxb null), transplantation of WT bone marrow into irradiated null hosts results in attenuation of behavioral phenotypes (Chen et al. 2010; Derecki et al. 2012b ). In the case of the Mecp2 null, this attenuation was concomitant with the colonization of host CNS by bone marrow-derived myeloid cells with a microglia phenotype (Derecki et al. 2012b) . Another example of microglial involvement in behavioral abnormalities associated with neuropsychiatric disorders is rodent models of maternal immune activation. In maternal immune activation, mice are subjected to early-life infection in utero and offspring develop several behavioral phenotypes associated with schizophrenia (e.g., deficits in prepulse inhibition and acoustic startle response and decreases in exploratory behavior and social interactions) and/or memory and learning loss, particularly if combined with a later-life stress or immune challenge (i.e., peripheral LPS administration) (Bilbo and Schwarz 2009; Meyer et al. 2009; Patterson 2009; Harvey and Boksa 2012) . These behavioral phenotypes are accompanied by changes in microglia including activation state and numbers in a brain region -specific manner (Bilbo et al. 2005 (Bilbo et al. , 2007 Williamson et al. 2011; Giovanoli et al. 2013) . These data provide evidence that microglia may be "primed" prenatally during early-life infection and that a subsequent challenge can significantly enhance their effects on later-life behavior. This has been further substantiated by showing that microglial-derived interleukin-1b is a primary mechanism by which deficits in hippocampal-dependent learning and memory are induced following in utero immune challenge followed by later-life stress (Williamson et al. 2011) . Furthermore, a similar cytokine-mediated "priming" mechanism may also contribute to age-dependent memory loss associated with aging and neurodegenerative disease (Barrientos et al. 2006; Perry et al. 2007 ).
Behavioral Effects in the Healthy CNS
In addition to neuropsychiatric disorders, there is also new evidence that microglia can affect baseline behavior in the absence of disease. For example, increased numbers of activated microglia were observed in the preoptic nucleus of healthy male rats as compared to females (Lenz et al. 2013) . When minocycline was administered to males, there was a decrease in activated microglia in males, which more closely resembled female microglia, and a coincident display of feminine behaviors. Likewise, if females were administered estradiol, which increased prostaglandin E 2 and microglial activation, masculine behaviors were observed. This work suggests that microglia could be playing key roles in regulating sexual behavior. This concept is further substantiated by sexual dimorphisms that exist in microglial colonization and total numbers throughout the CNS ). More direct, genetic evidence that microglia could be playing roles in baseline behavior include work in CX3CR1-deficient mice, which have deficits in long-term potentiation accompanied by significant deficits in contextual fear learning and performance in the Morris water maze (Rogers et al. 2011 ). However, another study found the opposite result, with very little effect on behavioral performance (Maggi et al. 2009 ). This may be attributed to differences in paradigms used for behavioral measurements in the two studies.
A recent study provided more direct evidence for a role of microglia in regulating behavior using a strategy to manipulate gene expression specifically in microglia (Cx3cr1 creER ) (Parkhurst et al. 2013) . This system takes advantage of the relatively low turnover rate of microglia versus other peripheral CX3CR1 þ immune cells, which turn over regularly (within a week) during hematopoiesis. After tamoxifen treatment, peripheral cells that underwent recombination turned over within 1 wk, resulting in microglia-specific, Cre-mediated expression of genes (Goldmann et al. 2013; Parkhurst et al. 2013; Yona et al. 2013) . Using these mice, microglia were depleted using a diphtheria toxin strategy, or brain-derived neurotrophic factor (BDNF) was specifically knocked out in microglia. In either case, the result was a significant deficit in performance on a rotarod as well as in a fear-conditioning paradigm. Furthermore, these effects were accompanied by a decrease in dendritic spine formation, specifically in the motor cortex. Although it is not yet clear how manipulation of BDNF in microglia impacts motor learning or synaptic function, this was the first evidence that manipulating a gene specifically in microglia had effects on synaptic structure and, ultimately, on behavior. In contrast, when another recent study pharmacologically depleted microglia from adult mice, no significant behavioral deficits were observed (Elmore et al. 2014) . The discrepancies in these data may be explained in several ways, including that a critical period (before adulthood) may exist in which the rodent brain is particularly sensitive to microglial ablation. In addition, the behavioral measures used for the latter study were rather limited, and more extensive analyses may be necessary to observe differences following pharmacological ablation in the adult. Taken together, the data demonstrate a critical function for microglia in regulating behavior, particularly if these cells are manipulated during development ( postnatal through juvenile stages). In addition, recent publications have advanced the field significantly by providing genetic mouse models (Parkhurst et al. 2013; Yona et al. 2013) . The use of these mice will be critical going forward to specifically manipulate microglia and understand their function in the healthy and diseased CNS.
CONCLUDING REMARKS
The idea that microglia, compared with other glial cell types, perform important functions in the healthy nervous system is a relatively new concept. This line of thinking was propagated by experiments that used live imaging to determine that microglial processes were highly motile, often contacting synapses, in the healthy, intact brain. Other work described microglia in close apposition to and/or phagocytosing dead/dying neurons, neural progenitor cells, and synapses. Consistent with these cellular interactions having a more functional role, pharmacological and more specific genetic strategies to target microglial phagocytic function result in significant deficits in developmental neuronal PCD and synaptic pruning. On a behavioral level, abnormal microglial activation has been observed in humans and mouse models of neuropsychiatric disorders. Furthermore, when WT, microglia-like cells are introduced into mouse models of these disorders, some behavioral deficits are attenuated. Despite these intriguing findings, it remains unclear how microglia contribute to behavioral phenotypes associated with these disorders. One idea is that there are abnormalities in microglia-synapse interactions during development. However, this remains to be tested. Furthermore, microglia-specific molecular mechanisms are largely unknown. This was largely because of the inability to manipulate microglia in a specific way without at least affecting peripheral immune cells of the same lineage and expressing a similar repertoire of genes (i.e., peripheral macrophages). New advances in Cre-lox technology have resulted in Cx3cr1 creER mice, which will allow for specific genetic manipulation in microglia after 1 wk of tamoxifen treatment. In addition, recent work identifying genes to distinguish microglia from their peripheral cell counterparts offers exciting new advances for manipulating microglia in more specific ways (Chiu et al. 2013; Butovsky et al. 2014; Zhang et al. 2014) . We are now entering a very exciting time. The identification of molecular mechanisms underlying interactions between microglia and other CNS cell types and translation of these mechanisms to functional consequences will offer enormous advancements. These advancements will range from understanding of basic principles of nervous system development and overall function to transla-tional neuroscience in which these basic mechanisms can be applied to neurological disease.
